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Background: b-Lactoglobulin (b-Lg) is the major whey protein in the milk of
ruminants and many other mammals. Its function is not known, but it undergoes
at least two pH-dependent conformational changes which may be important.
Bovine b-Lg crystallizes in several different lattices, and medium-resolution
structures of orthorhombic lattice Y and trigonal lattice Z have been published.
Triclinic lattice X and lattice Z crystals grow at pH values either side of the pH at
which one of the pH-induced conformational changes occurs. A full
understanding of the structure is needed to help explain both the conformational
changes and the different denaturation behaviour of the genetic variants.
Results: We have redetermined the structure of b-Lg lattice Z at 3.0 Å
resolution by multiple isomorphous replacement and have partially refined it (R
factor = 24.8%). Using the dimer from this lattice Z structure as a search model,
the triclinic crystal form grown at pH 6.5 (lattice X) has been solved by molecular
replacement. Refinement of lattice X at 1.8 Å resolution gave an R factor of
18.1%. The structure we have determined differs from previously published
structures in several ways.
Conclusions: Incorrect threading of the sequence in the published structures of
b-Lg affects four of the nine b strands. The basic lipocalin fold of the polypeptide
chain is unchanged, however. The relative orientation of the monomers in the
b-Lg dimer differs in the two lattices. On raising the pH, there is a rotation of
approximately 5°, which breaks a number of intersubunit hydrogen bonds. It is
not yet clear, however, why the stability of the structure should depend so heavily
upon the external loop around residue 64 or the b strand with the free thiol, each
of which shows genetic variation.
Introduction
b-Lactoglobulin (b-Lg) is a small soluble protein which
is extremely acid stable. It normally exists as a dimer of
subunit molecular weight 18350Da. Each monomer com-
prises 162 amino acids, with one free cysteine and two disul-
phide bridges [1]. Following publication of the structure of
retinol-binding protein (RBP) [2], the structural similarity of
b-Lg was noted [3] and the family name, lipocalin, was
adopted [4,5]. All members for which the structure is known
(Fig. 1) contain a b barrel composed of eight antiparallel
b strands with (+1)8 topology (i.e. each successive b strand is
adjacent to the preceding one). The b strands fold into a
calyx, some views of which show the b strands of the front
and back surfaces to be strikingly orthogonal (Fig. 2). Most
lipocalins are able to bind small hydrophobic molecules in
an internal binding pocket, and some have been shown to
have specific cell-surface receptors [6,7]. Although b-Lg has
been isolated with endogenously bound fatty acids [8] and
has been shown to bind a variety of hydrophobic molecules
in vitro [9,10], its true function remains unclear.
Largely because of its abundance and ease of purification,
bovine b-Lg has been the subject of many physicochemi-
cal studies (for a recent review see [11]). Aschaffenburg
and Drewry [12] showed the existence of genetic vari-
ants which can be identified by their differing isoelectric
points. Six different variants have been identified in the
cow, as summarized in Hambling et al. [11], but the most
prevalent are variants A and B, which differ at positions 64
(Asp/Gly) and 118 (Val/Ala).
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b-Lg undergoes a number of pH-induced conformational
changes which are readily observed by optical rotatory dis-
persion. One of these, termed the Tanford transition [13],
occurs close to physiological pH and may therefore be of
functional importance. Disulphide interchange reactions
associated with the Cys106–Cys119 disulphide bridge  have
also been described [14] and such reactions are important
in the heat-induced denaturation of the protein [15].
The biological function of b-Lg may not be known, but
the importance of the behaviour of the protein during
milk processing has meant that there is an extensive litera-
ture on the heat-induced changes as they affect milk sta-
bility [16] and, more particularly, stability with respect to
the different genetic variants [17]. The story is complex,
however, because protein concentration, pH, temperature,
ionic strength and buffer type all appear to contribute to
the stability of b-Lg. While differential scanning calorime-
try (DSC) and thermal aggregation studies show the A
variant to be less stable than the B variant [18,19], studies
at lower protein concentration reveal the reverse to be true
[20,21]. What is clear, however, is that studies of solubility,
conformation, DSC, thiol reactivity, gelation and thermal
aggregation all show differences between the genetic vari-
ants [11].
Crystal forms of bovine b-Lg are plentiful [22]. Not sur-
prisingly, most structural work has centred around the
crystal forms grown closest to physiological pH: lattices 
X, Y and Z. Below the Tanford transition, between 
pH6.3 and pH 6.9, lattice X crystals grow. Slightly above
the transition, between pH 7.3 and 7.8, lattices Y and Z 
are produced, often in the same tube. Lattice K crystals
are formed at pH6.0 from b-Lg that has had the C termi-
nal isoleucine and histidine residues removed with car-
boxypeptidase [23].
The crystal structures of lattices K, X, Y and Z have been
solved at 6.0 Å resolution [23]. At this resolution, the
independent crystal forms of the protein were remark-
ably similar and were certainly consistent with a struc-
ture largely composed of b sheets. The 2.8 Å structure of
lattice Y [3,24] revealed a basic polypeptide fold which
was closely related to that of RBP [2]. There was little
density, however, for the N and C termini, the latter
including, surprisingly, the region surrounding one of
the disulphide bridges and an external loop. Subse-
quent attempts to rebuild the model into the original
2.8 Å multiple isomorphous replacement (MIR) electron-
density map and to refine the structure with higher reso-
lution data were only partially successful.
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Figure 1
An alignment based upon topological
equivalence of the lipocalins for which there
are deposited coordinates: OBP, odorant
binding protein [52]; EBP, epididymal retinoic
acid binding protein [71]; RBP, retinol-binding
protein [30]; BBP, bilin-binding protein [29];
MUP, major urinary protein from mouse [48].
OLDY [3] and NEWX refer to the structures
of b-lactoglobulin previously published [3] and
described here, respectively, highlighting the
threading errors. As this is a structural
alignment based on b-lactoglobulin lattice X,
N- and C-terminal residues which are not
seen in the electron density are omitted. The
C-terminal regions of all structures are
significantly different from one another and
consequently little topological equivalence is
detectable after the a helix. OBP does not
have the g turn typical of SCR2 and it also
undergoes domain swapping from residue
121 to the C terminus [52]. SS, secondary
structure of b-lactoglobulin as defined by
DSSP [33]. Observed helical segments are
shown in red; b sheets are in pink. SCR,
structurally conserved regions for the lipocalin
family [5,7]. ACC, percentage sidechain
accessibilities [38] of selected residues for
the independent A and B monomers in lattice
X are shown in bold. 
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The lattice Y model was also used, supplemented by data
from isomorphous replacement, in attempts to solve the
lattice X structure (RC, SJY and DRF, unpublished obser-
vations), but here too a satisfactory refinement could not
be achieved, even though a large part of the electron-
density map seemed to be well fitted.
A 2.5 Å structure of lattice Z was determined by Monaco
et al. [25] from an electron-density map obtained with
independent MIR phases, but with the lattice Y structure
rotated into the density of the MIR map to assist in
its interpretation. This model was then refined to an
R factor of 22.0% for data between 6.0 Å and 2.5 Å res-
olution [25]. In contrast to the low resolution models
of Green et al. [23], the protein molecules appeared as
monomers rather than dimers. Although Papiz et al. [3]
had modelled retinol into the calyx by analogy with
human serum RBP, a difference electron-density map
from lattice Z crystals co-crystallized with retinol showed
retinol bound on the outer surface of the protein. These
observations along with the unsatisfactory crystal contacts
referred to in [25] suggested a need to reinterpret the
lattice Z structure.
In this paper, we report the structures of two crystal forms
of b-Lg. The medium resolution structure of lattice Z was
redetermined by MIR and the high resolution structure
of lattice X was then solved by molecular replacement.
Both structures are dimeric, in keeping with the low reso-
lution studies. The overall fold is the same as that of the
previous lattice Y model, but the polypeptide chain has
been rethreaded in two regions, one involving a shift of
five residues.
Results
Structure determination
Crystals of bovine b-Lg were grown at pH values on
either side of the Tanford transition. At pH 7.8, trigonal
lattice Z crystals were obtained with a monomer in the
asymmetric unit and a solvent content of 42%. Native
data were collected to 3.0 Å resolution, the diffraction
limit of these crystals. The structure was solved by MIR
and the incompletely refined final model included 156 of
the 162 residues. The crystallographic R factor for 3466
unique reflections between 8.0 Å and 3.0 Å resolution was
24.8%. 
Triclinic lattice X crystals were obtained at pH6.5. The
asymmetric unit contained a protein dimer and 48%
solvent. Native data to 1.8Å resolution were collected and
the structure was solved by molecular replacement, using
the crystallographic dimer of lattice Z as the search model.
The final model contained a dimer of residues 5–160 in
each monomer, 197 water molecules and two sulphate
ions. It was refined to an R factor of 18.1% for all (25135)
unique reflections between 15.0Å and 1.8Å resolution.
The free R factor calculated on 5% of the reflections
was 24.3%. The conformations of the monomers in the
lattice X and Z structures were very similar. Because
lattice X was refined to high resolution, our discussion is
focused on the details of this structure (shown in the stere-
odiagram in Fig. 3). 
The lattice X model has good geometry as reported by
X-PLOR [26] and PROCHECK [27], with root mean
square (rms) bond length and angle deviations from ideal-
ity of 0.013Å and 1.55°, respectively. The average temper-
ature factor for all protein atoms is 30Å2 with an rms
deviation of 8Å2 for all bonded atoms (6Å2 for main-
chain and 9Å2 for sidechain atoms). The pair of programs
ENVIRONMENTS and PROFILER-3D [28] showed
that the sequence and the structure are consistent. Typical
electron density is illustrated around the lipocalin leitmotifs
at Trp19 (Fig. 4a) and Tyr99 (Fig. 4b). The Ramachan-
dran plot of the structure is shown in Figure 5. There are
six residues in disallowed regions [27]. These are Ala34
and Tyr99 from both monomers, and Asn63  and Gln159
from one monomer. Ala34 is involved in a mainchain
hydrogen bond at the dimer interface. Tyr99 forms part of
a classic g turn which is conserved in all lipocalin struc-
tures with the sequence motif Thr–Asp–Tyr solved to
date [29–31]. Asn63 and Gln159 are in extremely mobile,
exposed loops, where the density (between residues
Trp61 and Glu65 and residues Glu158 and Gln159) is ill-
defined and the B factors are high. They are close to the
disulphide bridge between Cys66 and Cys160, near the
Research Article  Structure of b-lactoglobulin Brownlow et al. 483
Figure 2
Ribbon diagram of a single subunit of b-lactoglobulin lattice X. The
b strands and joining loops are labelled. (The diagram was produced
using MOLSCRIPT [72].)
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C terminus of the protein. The program O [32] also impli-
cates residues in these same regions as candidates for
having their peptide bonds flipped: three (residues 62, 63
and 158), are in the poorly defined density around the
disulphide bridge Cys66–Cys160. The other four residues
(16, 33, 98 and 101), show a good fit to the electron density
(Fig. 4b) and are associated with either the g turn at
residue 99 or the dimer interface.
Overall structure
The overall topology of b-Lg was first described for the
2.8Å resolution structure of b-Lg lattice Y [3,24]. The nine
b strands (labelled A to I in Fig. 2) are shaped into a flat-
tened cone. One side of this cone contains the b strands
labelled A, B, C and D. b Strand A also participates in the
b sheet at the opposite side, along with b strands E, F, G
and H. This b sheet is flanked on its outer surface by a
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Figure 3
Stereodiagram of a single subunit of
b-lactoglobulin lattice X. Every tenth residue
is labelled. (The diagram was produced
using MOLSCRIPT [72].)
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Figure 4
Electron density of selected regions of
b-lactoglobulin. (a) Plot of part of strand A
(residues 18–26) with associated electron
density contoured at the 1.5s level.
Coefficients used were 2|Fobs|–|Fcalc| and
phases were calculated from the final
coordinates. (b) Stereodiagram of another
typical part of the electron-density map
covering the g turn at Tyr99, Arg124. The
map was calculated as above.
three-turn a helix, followed by a ninth b strand (I). The
loops will be referred to by the b strands which they link,
the AB loop being that between strands A and B.
The secondary structure elements, as defined by the
program DSSP [33], are summarized in Figure 1, together
with those of the other lipocalin structures. Figure 1 also
contains the assignments from Papiz et al. [3] to highlight
the rethreading in strands B, C, D and I. It is evident that
there are four short a helical segments in the new model, in
addition to the secondary structure elements in the earlier
models. These occur in the N-terminal, the AB, the GH
and the C-terminal loops.
The chain conformation is shown in Figures 2 and 3. The
N terminus is positioned close to the three-turn a helix
(residues 130–140). The N-terminal loop crosses the mol-
ecule, closing off the base of the b barrel and taking a path
parallel to the first four b strands, which form one side of
the calyx. It then turns to join b strand A (residues 17–26)
which bends through a right angle at Leu22 (Fig. 4a). The
extended loop between b strands A and B is involved in
hydrogen-bonding interactions with the same loop in the
other monomer. Strands B, C and D are joined together by
b turns. Cys66 in b strand D forms a disulphide bridge with
Cys160, close to the C terminus and is on the outside of the
molecule, close to the mouth of the hydrophobic pocket.
The four b strands which form the other side of the calyx
start with strand E, which is linked to both D and F by
b turns. Strands F and G are also connected by a b turn, the
latter containing Cys106 which forms the protein’s other
disulphide bridge with Cys119 of the next b strand, H. The
three-turn a helix is followed by the final b strand, I, which
is in the same b sheet as strands E, F, G, H and the C-ter-
minal part of b strand A, although it is outside the b barrel.
b strand I forms an antiparallel b-sheet interaction with the
dyad-related monomer and, along with the AB loop, forms
the dimer interface. The a-helical turn (residues 153–156)
after b strand I is followed by an extremely flexible loop,
which is anchored close to the C terminus by the disulphide
bridge between Cys66 and Cys160. 
Within the FG loop there is a near-classic g turn (f =70º,
ψ=–60º) [34], centred at Tyr99 and wedged between
b strands F and G and the residues forming the start of the
b barrel. This g turn contains the most highly conserved
triplet of residues within the lipocalin family (Thr97, Asp98
and Tyr99) [29]. When g turns appear in protein structures
they are known to be highly conserved features [35], and it
has been suggested that there may be some biological func-
tion associated with this particular feature [31]. In this case
the b turn is maintained by four mainchain hydrogen bonds
to residues within the well defined structurally conserved
regions (SCR1–3, Fig. 1) of the lipocalin family (Fig. 4b).
Amino acid environments
A large number of protein chemical studies on the reactivity
of the various sidechains have been performed. Much of
this work is summarized by Townend et al. [36] and their
paper is used as a basis for conclusions about the spatial dis-
tribution of various residues and the disposition of their
sidechains. These include the four tyrosines, the two tryp-
tophans and the single free sulphydryl in the  monomer.
The four tyrosine residues were titrated with tetrani-
tromethane [37]. Two tyrosines were then categorized as
exposed, but partly hindered, and two as buried. One of
the buried residues was accessible to solvent on partial
denaturation. We used the program NACCESS [38] to
calculate the solvent accessibility of residues within the
b-Lg lattice X structure; some of these values are shown
in Figure 1. Tyr42 and Tyr102 are buried and partially
buried, respectively, towards the ends of b strands. Tyr20
(close to the base of the putative binding pocket) is the
most solvent accessible, but Tyr99 (in external loop FG) is
also exposed.
On denaturation, the Trp optical rotatory dispersion (ORD)
and circular dichroism (CD) bands disappear concomi-
tantly with a decrease of b structure, so the Trp environ-
ments were assumed to occur in b-structured regions of the
molecule. The two Trp residues showed 50% reactivity
in solvent perturbation difference spectroscopy measure-
ments, suggesting either that one is fully buried and the
other exposed or that both are partially buried [36]. From
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Figure 5
Ramachandran plot of b-lactoglobulin lattice X. Both subunits are
included.
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an inspection of the b-Lg lattice X model, it appears that
Trp19, facing into the base of the hydrophobic pocket
before the bend of b strand A at Leu22, is essentially inac-
cessible to solvent. Trp61, at the end of b strand C, is rela-
tively exposed, although its position is not well defined by
the poor density in the mobile surface loop (CD), close to
the Cys66–Cys160 disulphide bridge.
As well as affecting its reactivity, the environment of Trp19
may also affect the intrinsic fluorescence of b-Lg. Replace-
ment of Trp19 by Tyr is reported as having little effect
upon the intrinsic fluorescence of the protein [39]. Inter-
action with the guanidino group of Arg has been shown to
lead to efficient fluorescence quenching in other proteins
[40]. In the crystal structure of b-Lg, as also observed in
RBP [41], the guanidino group of the conserved Arg124 lies
only 3.0–4.0Å from the face of the indole ring of Trp19.
This could explain the small contribution which this tryp-
tophan makes to the overall fluorescence of b-Lg. A similar
interaction between the equivalent tryptophan and a con-
served lysine in the related fatty acid binding protein
(FABP) family of proteins has also been noted [41].
In agreement with the conclusions of Townend et al. [36],
the free sulphydryl, Cys121, is buried in a b-structured
region of the molecule. Two disulphide bridges exist
between Cys66 and Cys160 and between Cys106 and
Cys119. McKenzie et al. [14] suggested that Cys121 and
Cys119 were equally likely to participate in the disul-
phide bridge with Cys106. The finding that, whereas the
Cys121→Ser mutant behaves normally, the Cys119→Ser
mutant is expressed but not secreted, implies that the
native structure requires the formation of a bridge between
cysteines at residues 106 and 119 [42]. We suggest
that the area used in the experiments of McKenzie et al.
caused rapid randomization of the arrangement of the
Cys106–Cys119 disulphide bridge [43].
On the basis of the results of solution studies, Townend
et al. [36] concluded that the free sulphydryl is partly
buried and occurs no closer to the dimer interface than
6.0 Å. The structure shows that Cys121 is completely
buried (Fig. 1) between b strand H and the three-turn
a helix and it is ~9.0 Å from Ser150, the closest residue
that participates in the dimer interface. The environ-
ment of Cys121 is consistent with its low reactivity [44].
The disulphide bridge formed by Cys106 and Cys119
occurs in a well defined region of our electron-density
maps. Although the bridge between Cys66 and Cys160 is
also clearly seen in the maps, the surrounding density is rel-
atively weak. Both the C-terminal region of the molecule
(residues 158–160) and the majority of the CD loop
(residues 60–64) are exposed (Figs 2,3) and mobile. This is
reflected in the mainchain temperature factors: the mean
residue B factors of Cys106 and Cys119 are 14.2Å2 and
12.4Å2, respectively, while those of Cys66 and Cys160 are
40.1Å2 and 54.6Å2, respectively.
As expected, all of the Asp and Glu residues are on the
surface of the monomer except for Glu89, which is hydro-
gen bonded to Ser116, and Asp33, which is buried at the
dimer interface in one monomer and partially buried in
the other (Fig. 1). Similarly, the basic groups are all to be
found in exposed positions. Neither residue Lys47 nor
Lys135 reacts with [2H6]-acetone and NaBH4 [45]. This
lack of reactivity can be explained by the formation of a
good ion pair with Glu55 and a hydrogen bond with
Tyr102 for Lys47 and Lys135, respectively.
The crystal contacts are all between 2.5Å and 3.3Å and
mostly involve the N-terminal loop and the GH loop, but
some involve the loops DE, FG and that between b strand
H and the three-turn a helix. Many of the contacts in
lattice Z appear similar to those in lattice X, but the reso-
lution of the lattice Z map is insufficient to warrant their
detailed inspection.
The dimer interface
The dimer interface is shown in Figure 6. The area
which becomes inaccessible on dimerization is 1136Å2
or 568 Å2 for each monomer. Twelve hydrogen bonds
have been identified; four of these are mainchain
bonds between b strand I of adjacent monomers
(N Arg148→O Arg148* and N Ser150→O His146*, and
the complement of both). The largest number of interac-
tions occurs between the AB loops of each monomer,
where the following mainly sidechain hydrogen bonds
exist: N Ala34→OD1 Asp33*, NH1 Arg40→OD1 Asp33*,
NH1 Arg40→OD2 Asp33* and NH2 Arg40→OD2 Asp33*
and the complement of each. The bond between the
mainchain nitrogen of Ala34 and the d oxygen of Asp33
appears to introduce some strain into the structure. The
density is well defined and the B factors are reasonable,
yet Ala34 is in a disallowed region of the Ramachandran
plot.
All known ruminant b-Lg molecules are dimeric at 
physiological pH. The residues involved in sidechain 
hydrogen bonds at the dimer interface are identical
in all ruminant species (those in the AB loop and at
residue 40), but there is some variability within the
residues of b strand I, in which only mainchain hydrogen
bonds contribute to the dimer interface. Many non-
ruminant b-Lgs are monomeric, however. The monomeric
b-Lgs that have been characterized and sequenced to date
show sequence variability not only in b strand I, but also
within the AB loop or at residue 40. In sequence align-
ments with bovine b-Lg, kangaroo b-Lg has a deletion of
residues 32–34 (inclusive); dolphin, donkey and horse
b-Lg sequences have residues with uncharged polar
sidechains in place of Ala34. The most similar sequence
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of a monomeric b-Lg in this region is that of pig. The
pig sequence is identical to cow in the AB loop, but the
terminal guanidino group of Arg40, which is involved
in three hydrogen bonds across the interface, is replaced
by the single amino group of lysine. 
Comparison of independent monomers
Removal of the non-crystallographic symmetry con-
straints near the end of the refinement resulted in a
decrease in both the conventional and free R factors. But
it resulted in significant changes in atomic positions only
in those regions of particularly weak electron density
(around the Cys66–Cys160 disulphide bridge). 
Comparison of the lattices X and Z
The model of b-Lg crystallized at the high pH side of the
transition (lattice Z) is limited to 3.0 Å resolution. This
precludes a detailed comparison of the lattice X and Z
structures. Although a short discussion is included below
concerning the Tanford conformational transition, eluci-
dation of its molecular basis will be detailed in the paper
describing the refined structure of lattice Y at 2.0 Å resolu-
tion (IP, M Bewley, EN Baker and LS et al., unpublished
observations). It is apparent from a comparison of only the
Ca traces, however, that the relationship between the two
halves of the dimer differs significantly between the
crystal forms.
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The dimer interface of b-lactoglobulin lattice X. Regions involved in the
interface are coloured red. (a) The interface is viewed along b strand I
and (b) rotated through 90°. The hydrogen bonds between adjacent
AB loops are shown in (c) and the hydrogen bonds between adjacent
b strands are shown in (d). Hydrogen bonds are represented by
dashed lines. (The diagram was produced using MOLSCRIPT [72].)
Figure 7 shows the backbone traces of the non-crystallo-
graphic dimer of lattice X and the crystallographic dimer
of lattice Z. The fit between one monomer of each has
been optimized using the CCP4 program LSQKAB [46].
If the two dimers were identical, the remaining monomers
of the two lattice forms would also superimpose. This
is not the case, however, and a rotation of 5.1° about the
axis shown is required for their superposition. The previ-
ously published lattice Y model is included in the figure
to emphasize the flexibility at the dimer interface (the
relationship between monomers should not be materi-
ally affected by the errors now identified in the chain
threading). The interaction of adjacent b sheets through
b strands I at the dimer interface is unaffected by the rota-
tion. The adjacent AB loops are moved further apart
in lattice Z, however, so most hydrogen bonds between
the loops (involving Asp33, Ala34 and Arg40) are broken.
These loops, no longer tightly anchored across the inter-
face, are more exposed and relatively more mobile, as
judged by weaker electron density in both lattices Y and
Z. This results in a substantially reduced dimer interface,
consistent with evidence that dissociation of the dimer
occurs more readily at pHs above that of the Tanford
transition [47]. Of course, we cannot yet discount the
possibility that the different relative disposition of the
monomers in the three forms is merely a consequence of
different crystal packing forces.
As discussed above, the molecules in our lattice Z crystals
are dimers. The cell dimensions reported by Monaco et al.
[25] are very similar to those determined for the lattice
Z crystals used in this work, suggesting that the packing
of the molecules is similar. The packing described by
Monaco is quite different, however, with no evidence for
the dimerization found in the structures reported here and
in the lower resolution studies [3,23]. Instead, tight mol-
ecular interactions between monomers resulted in the for-
mation of linear polymers.
Despite the fact that the monomers were differently
placed within the cell, the major site of the mercury deriv-
ative used in the structure solution [25] was reported to be
the same as that found in the low resolution study [23].
The mercury derivative used in our present work also
occupies this same position and we have verified that this
derivative substitutes at the free sulphydryl, Cys121. It is
also found in a similar position in lattices X (this work) and
Y [3]; but the heavy-atom positions given in [25] do not
appear close to Cys121 in that model. We now cannot
avoid the conclusion that there is an error in the structure
determined by Monaco et al. [25]. 
Comparison with our previous b-Lg lattice Y model
The topology of the lattice X and Z models pre-
sented here is broadly similar to that already published
[3,25]. This is shown in Figures 1 and 7. The AB loop
(residues 27–41) is five residues longer than in the previ-
ous model and contains a 310-helical turn. A similar con-
formation is present in this region of the structure of
mouse major urinary protein (MUP) [48]. Residues within
this longer loop make eight hydrogen bonds which help
to stabilize the b-Lg dimer.
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Figure 7
Stereodiagram of the backbone traces of the
dimers of b-lactoglobulin lattices X (red), Z
(purple) and the old lattice Y model (yellow).
The lower monomers have been
superimposed by the CCP4 program
LSQKAB. The axis about which the upper
lattice Z monomer is rotated with respect to
the upper lattice X monomer is shown by the
black bar. (The diagram was produced using
MOLSCRIPT [72].)
Strand B now starts after residue 41 instead of residue 36.
The five-residue threading shift is maintained to the end
of b strand C. Consequently, the sidechains of Glu51 and
Asp53, which faced into the hydrophobic pocket in the old
model, are replaced by hydrophobic residues so the new
positions occupied by Glu51 and Asp53 allow them to face
the solvent. However, it should be noted that b-Lg has a
carboxyl group with a pKa around 7 which could arise from
such a carboxyl-carboxylate interaction (cf. maleic acid).
The CD loop (residues 62–65) is much shorter in the new
model, placing the new and old models back in register for
residues 65 and 66, the start of b strand D. A b bulge after
residue Cys66 in the old model puts the b strands out of
register until Lys75. Thereafter, the threading is correct
until the end of the three-turn a helix (residues 130–140).
The loop leading to b strand I (residues 147–150) is two
residues shorter than in the previous model. There is
a bulge in this loop, which means that although residue
141 is in approximately the same position in both models,
residue 144 now occupies the position formerly assigned
to 142. The two-residue shift is maintained through
b strand I, so that different residues are involved in the
interactions at the dimer interface. These shifts are sum-
marized in Figure 1.
The programs ENVIRONMENTS and PROFILER-3D
[28] were used to assess the compatibility of the protein
model with its sequence, using a window of 20 amino
acids. The results are shown in Figure 8. The plots of the
lattice X and Z models presented here compare well with
that of another refined lipocalin structure, RBP [30]. The
plot of the previously published lattice Y model falls
below zero in precisely those regions in which a thread-
ing shift was required to fit the new electron-density
maps. The incorrect regions could not be easily identified
merely by visual inspection of the Ramachandran plot,
however.
Comparison with other lipocalins
The basic lipocalin fold, described first for RBP [2], con-
sists of eight b strands linked by a succession of +1 con-
nections. These form a cup-shaped b barrel, against which
an a helix is packed and which encloses an internal
binding site. Seven of the connections are short b hairpin
loops, but the connection between the first two b strands
is a larger Ω loop. Most structural variation occurs within
the loops, especially those at the open end of the cup,
while the least variation of structure is in b strands A, F, G
and H [49].
There are three main structurally conserved regions
(SCRs) in lipocalins, which are close together in the three-
dimensional structures at the closed end of the b barrel.
The first SCR comprises b strand A, the 310 helical turn at
its N terminus and part of the AB loop at its C terminus.
This region includes residues 11–27 in b-Lg. As in the
closely related MUP structure, there is a 310-helical turn in
loop AB which was absent in the earlier b-Lg models. The
second lipocalin SCR comprises b strands F and G and the
intervening loop. Many residues within this loop adopt
unfavourable mainchain conformations, stabilized mainly
by specific sidechain–mainchain hydrogen bonds from con-
served threonines and aspartates. b-Lg is no exception,
with Tyr99 in the disallowed region of the Ramachandran
plot. It makes four mainchain hydrogen bonds (see
Fig. 4b), one to each of Asp98 and Lys100 (SCR2) and two
to the conserved Arg124 in SCR3. Its sidechain is also
hydrogen-bonded to the mainchain of Asp11 (SCR1).
Strand H and the loop linking it to the three-turn a helix
form SCR3. The residue at the end of b strand H is an
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Figure 8
Profile window plots of the original model
and the corrected Z and X models of
b-lactoglobulin. Retinol-binding protein
(RBP) is shown for comparison.
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arginine in all lipocalins except odorant binding protein
and a1-acid glycoprotein where it is a lysine. In the FABP
family there is a similarly positioned basic residue. Arg124
in b-Lg is shown in Figure 4b. The sidechain of this
residue is fully extended and packs across the Trp19
sidechain close to the beginning of b strand A, while the
end of the sidechain is hydrogen bonded to a ring of main-
chain carbonyl groups in the FG loop (SCR2) or in the 310
helix prior to b strand A (SCR1). In b-Lg, the hydrogen-
bond acceptors for the end of the sidechain of Arg124 are
the carbonyl groups of Lys14 and Ala16 in SCR1 and
Tyr99 in SCR2.
The ligand-binding site
Most lipocalins bind small hydrophobic molecules within
the central cup or calyx. The true function of b-Lg is
unknown, but it has been suggested that it is involved in
the transport of retinol and/or fatty acids [8,50]. It binds
retinol with a higher affinity than does RBP [51] and, as
with RBP, specific binding of retinol to b-Lg has been
observed in the small intestine of the neonatal calf [3].
The structure of RBP with retinol bound within the
hydrophobic calyx has been solved [2] and retinol was suc-
cessfully modelled into our previous b-Lg structure [3].
b-Lg contains two tryptophans, Trp19 and Trp61, and
their fluorescence is altered when retinol is bound [51].
Energy transfer between tryptophan residues and retinol
occurs in both a Trp19→Tyr mutant of b-Lg and in the
wild-type protein [39]. This transfer therefore appears to
involve Trp61, which is within the extremely mobile loop
at the mouth of the hydrophobic calyx.
In the b-Lg–retinylidene propylamine complex, a positive
charge is in close proximity to the carbon–nitrogen double
bond of the ligand [51]. In our modelled complex, this
charge was provided by Lys70 [3] which now lies further
away from the mouth of the pocket, with its sidechain
facing in the opposite direction. The adjacent Lys69 is at
the mouth with its sidechain facing into the calyx, thereby
accounting for the spectroscopic evidence. The relatively
minor nature of the changes to the internal pocket gives
us no cause to review our earlier conclusion that retinol
could be accommodated within it. In other lipocalins of
known structure (e.g. MUP [48], bilin-binding protein
[29], and odorant binding protein [52]) the ligand has
been located in a corresponding position. In contrast, in
the present work there is no indication of any unex-
plained density within the calyx or in the putative exter-
nal site [25] but we also note that simultaneous and
independent binding sites for ligands in b-Lg have been
observed [53-55].
The Tanford transition
The reversible, pH-dependent conformational transition
that bovine b-Lg undergoes between pH6.5 and pH8.0
[13] is characterized by the titration of a carboxyl group
with an anomalous pKa ~7.3 and a change in the environ-
ment of a tyrosine residue. It is also accompanied by an
abnormal increase in reactivity of the single sulphydryl
group [44,56].
The summary of the studies on b-Lg presented by
Townend et al. [36] suggests that the carboxyl group
exposed in the Tanford transition is at the dimer interface
and close to a tyrosine and a tryptophan residue. Asp33,
one of two charged residues identified as being buried in
the b-Lg lattice X structure (as described above; Fig. 6),
forms part of the dimer interface and is less than 13 Å from
Tyr42 and Trp61. Whilst its position is consistent with it
being the carboxyl group exposed at the transition [36], it
would be difficult to explain the observed anomalous pKa
unless the disruption of some other region of the dimer
interface (e.g. His146) destabilizes the dimer and causes
exposure of the carboxyl group.
In the lattice X and Z structures, Glu89 is the only other
completely buried charged residue (Fig. 1). The closest
Tyr and Trp residues are still Tyr42 and Trp61 but Glu89
lies at least 16Å from them and from the dimer interface.
The buried nature of the sidechain of Glu89 that is hydro-
gen bonded to Ser116 (Fig. 9), will tend to raise the pKa,
however, and we therefore suggest that it is Glu89 that has
the anomalous carboxyl group. Glu89 joins b strand F to
the GH loop, which slightly occludes the entrance to the
hydrophobic core of the molecule. Preliminary results
suggest that Glu89 is more exposed in lattice Y, the hydro-
gen bond to Ser116 is broken and the EF loop longer
reduces the width of the entrance to the putative binding
pocket.
Because the dimer dissociates upon binding N-ethyl-
maleimide (NEM) [47], it has been suggested that the
free sulphydryl occurs close to the dimer interface. It was
therefore not clear whether the pH-induced increase
in reactivity [56] was due to dimer dissociation or to the
conformational change (or both). However, Cys121 has
now been shown to be sufficiently far from the dimer
interface that it would be difficult to imagine that dimer
dissociation alone could increase its exposure (the two
free sulphydryls are 25.6 Å apart).
Genetic variants
The A and B variants of b-Lg differ by the substitutions
Asp64→Gly and Val118→Ala. The C variant, found in
Jersey cattle, has the substitution Gln59→His. Mea-
surements of the ORD [20], thermal denaturation [21] and
solubility behaviour [57] indicate significant changes in
stability between the three variants. Residues 59 and 64
occur in the CD loop which is mobile and therefore masks
the conformational effects of the different substitutions.
The Val→Ala substitution entails the loss of two methyl
groups from a hydrophobic environment which might be
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expected to destabilize B relative to A. But, estimates of
stability are highly dependent upon the method of mea-
surement. For instance, by observing the aggregation of
the protein upon heating [58] or urea denaturation [59], A
appears slightly more stable than B, whereas if one moni-
tors proteolysis or DSC [60], B is degraded less rapidly
than A. The high resolution data set used here was col-
lected from crystals of the mixed AB variant. Since A, A+B
and B crystals are isomorphous and the dimers in the
mixed variant are random, we might expect the B factors
for the sidechain atoms to reflect this. Because residue 64
is in a very mobile region with high B factors, we only
built 64 as the B variant Gly. We built 118 as Val for which
the mean B factors for CA, CB, CG1 and CG2 were 23.2,
18.7, 47.0 and 29.4Å2, respectively. The higher values for
the terminal CG atoms are only suggestive of the Val/Ala
mixture in the AB variant. Preliminary indications from
the structures of the pure genetic variants are that the
changes are small but it will be necessary to analyze the
pure AA and BB crystals in considerable detail before any
conclusion as to the cause of the differing reactivities and
stabilities can be drawn. Thermal aggregation of b-Lg can
be described by a simple polymerization model involving
the free thiol group. Disulphide interchange during the
propagation steps may well involve the cystines at 66–160
and 106–119, both of which are close to sites of genetic
variation. The molecular explanation of the observed
effects is therefore one of considerable subtlety which
must await further investigation.
Biological implications 
The abundant milk whey protein b-lactoglobulin (b-Lg)
belongs to the lipocalin family of proteins, which are
generally transporters of small hydrophobic molecules.
The function of b-Lg is unknown but it binds retinol and
fatty acids in milk and a number of other small, rela-
tively insoluble molecules in vitro. Receptors for the
b-Lg–retinol complex occur in the neonatal calf intes-
tine. Thus, b-Lg may be involved in transport, perhaps
facilitating ligand uptake. Alternatively, b-Lg may be
the extracellular counterpart of intracellular fatty acid
binding proteins.
The structure presented here shows that, although 
the polypeptide chain fold in both published medium-
resolution structures is essentially correct, the detailed
amino acid threading is incorrect in two regions:
b strands B, C and D (residues 42–75) and b strand I
(residues 147–150). The refined high-resolution struc-
ture now allows the data from solution studies to be
interpreted in molecular terms. The free sulphydryl
group, implicated in the initiation of the heat-induced
aggregation of b-Lg, is buried at position 121. Chemi-
cal modification of the two tryptophans shows only
50% reactivity and the structure shows that Trp19 is
completely buried and Trp61 exposed. The observed
limited fluorescence of Trp19 can be explained by the
spatially adjacent residue, Arg124, being ideally placed
to quench the signal. The carboxyl group with a pKa
of approximately 7.0 has been tentatively identified 
as Glu89, which is buried in the lattice X structure.
The extreme flexibility of the loop around residue 64
means that the properties of the protein that are spe-
cific to each genetic variant dependent are all the 
more intriguing.
The genetic variants display different aggregation prop-
erties upon heating during milk processing. This is of
considerable significance to the dairy industry. The two
common variants (A and B) differ at positions 64 (Asp/
Gly), in the flexible loop which remains indistinct in our
structure, and 118 (Val/Ala), at the start of the well
defined b strand H. It is therefore tempting to conclude
that it is the change in the stability of the core of the
protein, mediated by Ala118→Val which is the cause 
of the differences in thermal aggregation, rather than 
the Asp64Gly replacement. Disulphide interchange may
well be affected by both amino acid changes, however.
Materials and methods
Crystallization and data collection
b-Lg was either prepared by the method of Aschaffenburg and Drewry
[61] or purchased from Sigma and crystallized using conditions based
on those described by Aschaffenburg et al. [12]. Lattice Z crystals
were obtained by the vapour diffusion method. The protein was stored
in 0.2 M sodium/potassium phosphate buffer, pH 7.8. Sitting drops
of volume 75 ml were equilibrated against 1 ml of reservoir solution 
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Figure 9
Ribbon diagram of a single subunit of b-lactoglobulin lattice X showing
the buried Glu89. The EF and GH loops are shown in yellow; the
hydrogen bond between Glu89 and Ser116 is shown as a dashed
line. (The diagram was produced using MOLSCRIPT [72].)
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comprising 2.17 M ammonium sulphate and 0.2 M sodium/potassium
phosphate buffer, pH 7.8. The sitting drop contained 65 ml of
23 mg ml–1 protein solution and 10 ml of reservoir solution. Crystals
grew up to 1 mm long within approximately two weeks. The space
group and cell dimensions are P3221 with, a = b = 54.0 Å, c = 112.7 Å,
a = 90.0º, b = 90.0º, g = 120.0º. Heavy-atom derivatives for lattice Z
were prepared as previously described [23].
Lattice X crystals were obtained by the batch method. A 100mgml–1
solution of protein was prepared in 0.1M sodium/potassium phosphate
buffer, pH7.0. The batch crystallization tubes contained 0.5ml protein
solution, 1ml 4M (NH4)2SO4 (adjusted to pH6.5 with 0.88M ammonia),
0.2ml 4M sodium/potassium phosphate buffer (pH7.6), 0.25ml distilled
water and 0.01% (w/v) sodium azide (final pH ~6.5). Crystals up to
1mm in length grew within two to three weeks. The space group and
unit cell dimensions are P1 with a=37.8Å, b=49.6Å, c=56.6Å,
a =123.4º, b =97.3º, g =103.7º. 
Except for the K2HgI4 lattice Z derivative data and the lattice X scaling
data set, all X-ray data from both crystal forms were collected at room
temperature on a Xentronics multi-wire area detector, mounted on a
Rigaku rotating anode generator running at 45kV and 60mA, with
graphite-monochromated CuKa radiation. Data for the K2HgI4 lattice Z
derivative were collected on a Siemens–Stoë AED-2 four-circle diffrac-
tometer, installed on a sealed-tube generator, fitted with a graphite
monochromator. A lattice X scaling data set was collected on a Nicolet
P3 diffractometer installed on a sealed-tube generator running at 40kV
and 35mA, with graphite-monochromated CuKa radiation. 
Native and derivative lattice Z data were collected to a maximum of
2.8 Å resolution. These crystals were mounted with the c* axis aligned
along the direction of the rotation axis and a complete data set was col-
lected following a 60° rotation. For lattice X, native data sets of
20–3.0 Å and 6.0–1.73 Å resolution were collected from two, randomly
oriented crystals in order to obtain complete data within the resolution
range 1.73–20 Å. The scaling data comprised 1800 reflections of
7–1.8 Å resolution which were processed with CADPRO, DABS,
DIFFOP, DEG and ULYSSES [46]. All raw data processing and reduc-
tion was carried out using either the XDS [62] or the XENGEN [63]
programs. Intensity measurements were merged and scaled by the
CCP4 programs ROTAVATA and AGRAVATA [46]. Both native data
sets were scaled to the scaling data set to produce a final full native
data set with an Rmerge = 7.3%. The data collection statistics are dis-
played in Table 1.
Lattice Z
MIR phasing and phase improvement: from previous work [13], it was
known which compounds formed derivatives of lattice Z crystals.
Those used in the structure determination were monomercuric acetic
acid (MMA), potassium mercury iodide (K2HgI4) and di-potassium
tetranitroplatinate (II) (K2Pt(NO2)4). The heavy-atom statistics are
shown in Table 2.
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Table 1
Data collection statistics.
Data set Resolution Number of unique  Redundancy Completeness Cumulative  Cumulative 
(Å) reflections in (%) completeness Rmerge*
data set (%)
Lattice X
Native X1 20.0–6.7 2.3 100.00 100.00 0.054
6.7–4.7 2.1 100.00 100.00 0.066
4.7–3.4 2.1 100.00 100.00 0.076
3.4–3.0 6307 1.8 100.00 100.00 0.077
Native X2 20.0–4.0 1.9 100.00 100.00 0.028
4.0–2.5 1.5 97.86 99.98 0.031
2.5–1.96 1.2 88.54 93.86 0.032
1.96–1.8 25 155 1.2 77.78 88.60 0.033 (0.120)†
Lattice Z
Native Z ∞–5.1 2.8 96.00
5.1–4.0 2.7 91.00
4.0–3.5 2.9 83.00
3.5–3.2 2322 2.8 81.00
3.2–3.0 2.6 73.00
3.0–2.8 1.7 32.00 0.063
Z MMA derivative ∞–6.3 3.2 84.00
6.3–4.5 2.1 90.00
4.5–3.7 1.8 84.00
3.7–3.2 2065 1.1 25.00 0.063
Scaled > 2s 1652 Riso‡ 0.25
Z Pt derivative ∞–6.3 1.8 97.00
6.3–4.5 1.7 99.00
4.5–3.7 1.5 87.00
3.7–3.2 2120 1.2 71.00 0.085
Scaled > 2s 1759 Riso‡ 0.16
Z K2HgI4 derivative 43.0–6.0 606 1.0 100.00 –
Scaled > 2s 519 Riso‡ 0.15
*Rmerge = Σh |I – < I > | / Σh |I|. †Value in brackets refers to the outer shell only. ‡Riso = Σ (|FPH – FP|) / Σ (|FP|).
All data sets were scaled and the differences between them analyzed
using the CCP4 programs LOCAL and ANSC, respectively. Though
diffraction was observed to 3.2 Å resolution, the data from the MMA
and the platinum derivatives were truncated at 3.5 Å, as they were non-
isomorphous at higher resolution.
Difference Patterson maps for all three derivatives and an anomalous
Patterson map for the MMA derivative were prepared. The same single
site was evident in the Patterson maps of the MMA and the K2HgI4 deriv-
ative. There were two sites in the platinum derivative. The MMA deriva-
tive was automatically solved with the SHELX-86 package [64]. The
CCP4 programs REFINE and PHASE were used to refine the heavy-
atom parameters (using isomorphous and anomalous data) and to calcu-
late the phases. For all other derivatives difference Fourier techniques
using the phases obtained from the first derivative were employed. 
Phases were calculated with the CCP4 program MLPHARE and the
final average figure of merit was 0.46. The resulting MIR map was
solvent-flattened using the program SQUASH [65] and the phases
were extended from 3.5 Å to 3.0 Å.
Model building and refinement: model building was done with the
program O [66], with reference to the structure of the closely related
lipocalin, mouse major urinary protein (MUP). Once a partial model had
been built, it was refined within the program X-PLOR [26]. Phase com-
bination of model, MIR and solvent-flattened phases was done with the
CCP4 program COMBINE.
Refinement of the model was performed with the standard X-PLOR
simulated annealing protocol [67] and grouped B factor refinement.
One C-terminal and three N-terminal residues are not included in the
final model, which has an R factor = 24.8% for data between 8.0 Å and
3.0 Å. The model contained no water molecules and, owing to the
limited resolution of this crystal form, was not further refined.
Lattice X
Structure determination and refinement: the structure was solved by
molecular replacement using X-PLOR [26], with the b-Lg lattice Z
dimer as the search model.Because there is a dimer in the asymmetric
unit of the lattice X crystals (space group P1), use of a dimeric search
model meant that no translation function was required.
An unambiguous cross rotation function solution was found at a height
of Bs, (next peak was 4s) using data within the resolution range 8.0 Å
to 3.0 Å and a Patterson radius of 18 Å. Rigid-body refinement of this
solution, with the two monomers grouped separately, reduced the
R factor from 50.9% (free R = 53.5%) to 41.7% (free R = 45.5%).
The structure was refined with X-PLOR, both by least squares and
by simulated annealing, using non-crystallographic symmetry (NCS)
constraints. The refinement calculations were interleaved with several
rounds of model building with O. Fifty water molecules were also
added. The R factor for reflections with |F| > 2s between 8.0 Å and
1.8 Å was 27.7% (free R = 31.3%).
The density-modification programs ARP [68] and RAVE [69] (in which
symmetry averaging was combined with solvent flattening) were used.
But, although the core of the molecule had clear electron density, some
of the loop regions were not clear. In a further attempt to improve the
electron density in these regions, corrections were applied to the X-ray
data. These incorporated corrections for bulk solvent and extinction,
involving scaling of Fobs to Fcalc in shells [70].
There was significant improvement in the electron density, particularly
in the GH loop. In all subsequent refinement, all data between 15.0 Å
and 1.8 Å resolution were used. Simulated annealing omit maps calcu-
lated in X-PLOR were inspected periodically during refinement. Several
rounds of rebuilding, positional refinement (with NCS constraints
released) and restrained B factor refinement, followed by the addition
of a further 147 water and two sulphate ions, reduced the R factor to
18.1% (free R = 24.3%). Two C-terminal and four N-terminal residues
are not fitted.
Accession numbers
The coordinates and structure factors for b-lactoglobulin lattice X have
been deposited in the Brookhaven Protein Data Bank with accession
codes 1BEB and R1BEBSF. 
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